Background: Nonmuscle myosin IIB (NMIIB) is a key player in cell motility. Results: Although the individual NMIIB molecules are not processive, NMIIB thick filaments show robust processive motion. Conclusion: NMIIB forms processive thick filament in vitro, which is likely the functional unit in cells. Significance: We demonstrate how processive systems can be formed from nonprocessive individual molecules.
tweezers we found that the power stroke sizes of single-and double-headed heavy meromyosin (HMM) were each ϳ6 nm. No signs of processive stepping at the single molecule level were observed in the case of NMIIB-HMM in optical tweezers or TIRF/in vitro motility experiments. In contrast, robust motility of individual fluorescently labeled thick filaments of full-length NMIIB was observed on actin filaments. Our results are in good agreement with the previous steady-state and transient kinetic studies and show that the individual nonprocessive nonmuscle myosin IIB molecules form a highly processive unit when polymerized into filaments.
The myosin superfamily of actin-based molecular motors consists of at least 35 different classes (1, 2) . The myosin II or conventional class is the largest among them; in mammals it includes skeletal, cardiac, smooth muscle, and nonmuscle myosin II (NMII) 2 isoforms. NMII isoforms contribute to various cellular processes, such as cell migration (3) (4) (5) , cell adhesion (6 -8) , and cytokinesis (9) . Mammals have three different NMII heavy chain genes (MYH9, MYH10, and MYH14). The NMIIs generated by these heavy chain genes are termed NMIIA, NMIIB, and NMIIC, respectively (10, 11) . These heavy chain genes homodimerize through their coiled-coil tail structures, and each heavy chain binds a regulatory (RLC) and essential (ELC) light chain when expressed in cells. This results in a myosin molecule containing two globular N-terminal motor domains harboring ATPase and actin binding activities, two neck regions with bound light chains, a long ␣-helical coiledcoil region responsible for filament formation, and a short C-terminal nonhelical tail region (12) . All three nonmuscle myosin isoforms are activated by phosphorylation of the RLC, which is catalyzed by a number of different kinases, most commonly myosin light chain kinase (MLCK) and Rho kinase (10, 11, (13) (14) (15) .
Although the NMII isoforms have similar primary and secondary structure, they have distinct enzymatic properties. Detailed in vitro studies of the kinetic parameters of actin-activated ATPase activity of NMIIA, IIB, and IIC myosins reveal subtle differences in the rate and equilibrium constants for the ATPase reaction (16 -20) . NMIIB is one of the slowest characterized myosins with respect to its rate of actin-activated MgATPase activity and rate of translocation of actin filaments in the in vitro motility assay (16, 18) . The IIB isoform, which is the most abundant NMII isoform expressed in the central nervous system and is highly expressed in cardiac muscle (21) (22) (23) (24) , has the highest ADP affinity among the myosins documented so far, and its ADP release rate is very slow compared with other conventional myosins (16, 18) . As a consequence, the duty ratio (the fraction of time the myosin head spends strongly * This work was supported, in whole or part, by National Institutes of Health intramural funds from the NHLBI. □ S This article contains supplemental Movies 1-3. 1 To whom correspondence should be addressed: Laboratory of Molecular Physiology, NHLBI, National Institutes of Health, 50 South Dr., B50/3523, Bethesda, MD 20892-8015. Tel.: 1-301-496-6887; E-mail: sellersj@nhlbi. nih.gov. 2 The abbreviations used are: NMIIB, nonmuscle myosin IIB; ELC, essential light chain; FIONA, fluorescence imaging with 1-nm accuracy; HMM, heavy meromyosin; MLCK, myosin light chain kinase; RLC, regulatory light chain; S1 and S2, subfragment-1 and -2, respectively; SH, single-headed; TIRF, total internal reflection fluorescence.
bound to actin during an ATPase cycle) of this myosin is significantly greater than that of muscle myosin II but is lower than that of processive myosins such as myosin V (25, 26) . NMIIB can be thus characterized as an intermediate duty ratio motor (10, 17, 18) . Similar to skeletal and cardiac myosins, NMIIs also form supramolecular structures. Vertebrate skeletal myosin forms highly ordered arrays of thick filaments that are ϳ1.6 m in length. The individual heads within these filaments function independently with phosphate release being the rate-limiting step in their enzymatic cycle. As a consequence they have a very low (ϳ0.03) duty ratio (27, 28) . For a molecular motor like the skeletal myosin these enzymatic characteristics are crucial because they ensure that the individual myosin heads spend only a very short period of time attached to actin to generate force and therefore do not interfere negatively with other myosin heads during sarcomere shortening. The NMIIA filaments consist of only ϳ28 heavy chains on each side of the bipolar structure (29, 30) , so the duty ratio has to be higher to maintain processivity and to ensure that at least a few myosin heads are attached to an actin filament at any given moment.
The aim of this study was to systematically characterize NMIIB at different levels of structural organization and assess whether NMIIB is capable of interacting with actin in a processive manner at the same organizational levels. We compared the kinetic and mechanical behavior of single-headed (NMIIB-SH-HMM) and double-headed HMM (NMIIB-HMM) molecules to gain insight into the cooperative nature of the myosin heads at the single molecule level. To achieve our goal we utilized a single molecule motility assay using both total internal reflection fluorescence (TIRF) microscopy and optical tweezers. The results showed that at physiological ATP concentrations the rate of detachment of NMIIB-SH-HMM from actin was very similar to that of NMIIB-HMM and that these rates are consistent with the ADP release rates reported from solution kinetic studies (16, 18) . This suggests that the individual myosin heads act independently, in a noncooperative manner. At this level of organization (one myosin head or two myosin heads coupled together in the form of an HMM fragment), the NMIIB acted as a low duty ratio, nonprocessive motor. In stark contrast to these results, we found that NMIIB filaments exhibit robust processive behavior, as observed both in TIRF and optical trapping experiments.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-Recombinant human nonmuscle heavy meromyosin IIB (NMIIB-HMM) with a C-terminal EGFP and FLAG tag was co-expressed with bovine nonmuscle regulatory light chain (MYL9) and chicken essential (MYL6) light chains in the baculovirus/Sf9 system (Invitrogen). For TIRF microscopy experiments, the RLC was fused with a GFP on its N terminus (GFP-RLC) (31) . The NMIIB-SH-HMM was obtained by co-expressing HMM with subfragment-2 (S2), GFP-RLC, and ELC. The S2 fragment contained a C-terminal His tag. The full-length NMIIB was co-expressed with GFP-RLC and ELC. The infected Sf9 cells were harvested by sedimentation after 24 -72 h of growth and stored at Ϫ80°C. The proteins were purified as described by Wang et al. (32) . Briefly, the cell pellets were extracted and homogenized in a buffer containing 0.5 M NaCl, 10 mM MOPS (pH 7.3), 10 mM MgCl 2 , 1 mM EGTA, 3 mM NaN 3 , 2 mM ATP, 0.1 mM phenylmethylsulfonyl fluoride, 0.1 mM dithiothreitol, 5 g/ml leupeptin, and proteinase inhibitor mixture (2 g/ml chymostatin (MP Biochemicals, Santa Ana, CA), 1 g/ml pepstatin (MP Biochemicals), 1 g/ml N␣-tosyl-Lys-chloromethylketone-HCl (TLCK) (Sigma), 1 g/ml N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK) (Sigma). The full-length nonmuscle myosin IIB, the NMIIB-HMM, and the NMIIB-SH-HMM were co-purified with the light chains by FLAG-affinity chromatography using M2 FLAG affinity gel (Sigma). The NMIIB-SH-HMM samples were subsequently purified using a nickel-nitrilotriacetic acid resin under native conditions following the manufacturer's instructions (Qiagen). The HMM IIB and the full-length nonmuscle myosin IIB with either wild-type RLC or GFP-RLC at 0.5-4.2 M were phosphorylated with MLCK (1-10 nM) overnight on ice in case of full-length NMIIB myosin molecules and 15 min at room temperature in case of NMIIB-HMM molecules in a reaction mixture containing 10 mM MOPS (pH 7.3), 50 mM KCl (300 mM KCl in the case of full-length nonmuscle myosin IIB to avoid aggregation), 5 mM MgCl 2 , 0.2 mM CaCl 2 , 0.1 mM EGTA, 0.1 M calmodulin, 1 mM DTT, and 0.2 mM ATP. The full-length rabbit smooth muscle MLCK (NP_001075775) was expressed in the baculovirus/Sf9 system and purified via an N-terminal FLAG tag. The phosphorylation of the NMIIB-HMM molecules was confirmed with acrylamide pendant Phos-tag phosphate affinity SDS-PAGE system (Wako Chemicals, Richmond, VA). The MgATPase activity was measured using an NADH-coupled assay at 25°C in 10 mM MOPS (pH 7.0), 2 mM MgCl 2 , 1 mM ATP, 50 mM KCl, 0.15 mM EGTA, 40 units/ml L-lactic dehydrogenase, 200 units/ml pyruvate kinase, 200 M NADH, and 1 mM phospho(enol)pyruvate. During the TIRF experiments the nonmuscle filaments were formed by reducing the KCl concentration by fast dilution to 150 mM in the assay buffer.
TIRF/in Vitro Motility Assays-The TIRF/in vitro motility assay was performed in a motility buffer containing 20 mM MOPS (pH 7.4), 5 mM MgCl 2 , 0.1 mM EGTA, 50 mM KCl, 1 mM ATP, 25 g/ml glucose oxidase, 45 g/ml catalase, 2.5 mg/ml glucose, and 50 mM dithiothreitol at 25°C. The TIRF assay was performed on an Olympus IX81 microscope equipped for objective type TIRF microscopy using a PlanApo (ϫ60, NA 1.45) objective lens and a relay lens (PE5, ϫ5 or PE2.5, ϫ2.5; Olympus) connected to an EMCCD (iXon, Andor Technology, South Windsor, CT). Excitation light sources were 488 (diode lasers, Crystal Laser, Reno, NV and Coherent, Santa Clara, CA) and 532 nm (diode laser, IK Series He-Cd laser, Kimmon Koha, Centennial, CO). To prevent nonspecific binding of fluorescently labeled protein, the coverslips (top, 18 ϫ 18 mm and bottom, 24 ϫ 50 mm) comprising the flow cell were prepared as follows. Coverslips were soaked in concentrated H 2 SO 4 overnight, boiled in ddH 2 O for 1 h, and dried with a stream of nitrogen. The flow cell, ϳ30 l in volume, was prepared using double-sided Scotch tape (3M). For TIRF assays, 30 l of 2 mg/ml biotin-BSA solution was applied to the flow cell, incubated for 4 min, and washed with motility assay buffer (2 ϫ 200 l). Next, 60 l of NeutrAvidin solution (1 mg/ml, Pierce) was applied, incubated for 2 min, and washed with motility assay buffer (2 ϫ 200 l). Filaments of rabbit actin (biotinylated to 10%, 50 nM) labeled with rhodamine phalloidin (Invitrogen) were applied to the flow cell and incubated for 2 min. Unbound actin was washed off with 1 ml of motility assay buffer. Fluorescently (GFP) labeled phosphorylated full-length NMIIB-HMM or NMIIB-SH-HMM molecules (10 -50 nM final concentration) in 100 l of motility assay buffer were introduced into the flow cell, which was then mounted onto the microscope for imaging. Data were captured and analyzed using MetaMorph (Universal Imaging, Molecular Devices LLC, Sunnyvale, CA) and Origin 8.5 (OriginLab Corp., Northampton, MA). The tracking of dwell times of the fluorescently labeled particles was performed using a customized particle-tracking program. (33, 34) .
Optical Trapping-Three-bead assays (35, 36) were performed using a system similar to that described by Vanzi et al. (37) and Takagi et al. (38) . Briefly, an in vitro force assay chamber (volume ϳ40 l), was constructed using two coverslips, one of which had been sparsely decorated with 2.1-m diameter glass microspheres (Bangs Laboratories, Fishers, IN) using a 0.1% nitrocellulose-amylacetate solution, assembled using double-sided adhesive tape. Anti-GFP antibody (3-15 nM in PBS; MP Biomedicals) was allowed to bind nonspecifically inside the chamber for 5 min, and then the chamber was flushed extensively with PBS. After blocking the surface with 1 mg/ml BSA for 2 min, phosphorylated NMIIB-HMM or NMIIB-SH-HMM proteins were diluted to a concentration of 0.1-0.3 nM in 25 mM KCl, 25 mM imidazole, 4 mM MgCl 2 , 1 mM EGTA (pH 7.4) at 22°C (AB buffer) (39) and allowed to bind specifically to antibodies within the chamber. AB buffer supplemented with 50 mM DTT, 1 mM ATP, 3 mg/ml glucose, 0.1 mg/ml glucose oxidase, and 0.02 mg/ml catalase (24) was used in the final chamber mixture, together with 0.2 nM rhodamine phalloidinlabeled, 10% biotinylated filamentous actin, and NeutrAvidincoated 1-m biotin-labeled polystyrene beads conjugated with tetramethyl-rhodamineB-isothiocyanate-BSA (39) .Underfluorescence imaging, a single actin filament was attached to two 1-m beads, via manipulation of the optical traps. These beads/ actin dumbbells (length ϳ 5-7 m) were pretensioned (to 4 -5 piconewtons) and positioned above the glass microspheres attached to the surface of the chamber (functioning as a pedestal), to record transient unitary acto-myosin interactions. Only one of nine pedestals exhibited unitary acto-myosin interactions, providing statistical support for the assumption that only a single nonmuscle myosin NMIIB-HMM and NMIIB-SH-HMM was capable of interacting with the actin filament at any instance. Experiments were performed using an optical trap stiffness of 0.01-0.022 piconewton/nm per trap. Similarly, as reported by Baboolal et al. (40) data were sampled at 20 kHz whereas sine waves (frequency ϭ 200 Hz) of amplitudes (ϳ200 nm, peak-to-peak) were applied to one of the optical traps (41, 42) .
In the applied three-bead assay, the detached cross-bridge has no influence on the motion and position of the detector bead; it is influenced only by thermal motion or by the oscillation from acousto-optic deflector through the tethered actin filament and motor bead. If the actin filament dumbbell is not attached to the surface through a myosin molecule, then the variance of the motion of the detector bead is going to be relatively high. When the interaction occurs, the system is stiffened and the variance drops markedly by up to 10-fold. Thus, if the variance is plotted in a trap system in which no interactions are occurring, the plotted histogram can be fitted with a single gaussian curve. If interactions occur, the variance histogram will show two peaks, and it can be fitted with a double gaussian curve. The higher variance peak will represent the detached state of the acto-myosin system, and the lower variance value corresponds to the attached state. Next, the program compares the variance of each data point to the "attached" and "detached" variance values to determine the beginning and the end point of the interactions. If the variance value of the individual data point is between the attached and detached variance value, the score (attached or detached) of individual data points depends on the score of the previous data point, which greatly reduces the probability of false positive hits. A similar method was used by Laakso et al. (43) and described thoroughly in Knight et al. (44) .
The recorded data were used to compute a running mean bead position and running variance computed over sliding windows of 4 ms or 40 ms. A marked decrease in the running variance of the noise level of this sine wave was used to distinguish regions of the collected data as periods of myosin attachments (40, 43, 44) . Data analyzed over a 4-ms running variance allowed identification of both short and long durations, whereas use of a 40-ms running variance acts as a low pass filter and isolates the longer duration attachments from much shorter duration attachments. Power stroke sizes were measured by plotting a histogram of the displacements and fitting the data to a gaussian distribution (36) . The shift in the peak position of the displacement gaussian distribution from zero is considered a measure of the power stroke size. With phosphorylated NMIIB HMM molecules the orientation of a given actin filament being studied could be ascertained by the directionality of the accumulated steps. In the case of the short lived interactions observed with the phosphorylated NMIIB fragments, the orientation of the filament was obtained by observing the directionality of the long lived events using that filament. In the case of unphosphorylated HMM, only filaments were used that had a large number (Ͼ100) of recorded events over multiple pedestals. The frequency versus displacement plots yielded gaussian distributions that were centered on 0 nm. These data were pooled and used to construct a displacement histogram. Analysis was performed using custom software written in LabView 8.0 (National Instruments), and histograms were plotted using Origin 8.5 (OriginLab Corp.).
Electron Microscopy-For negative staining, NMIIB samples were diluted to ϳ100 nM with a buffer containing 10 mM MOPS (pH 7.0), 2 mM MgCl 2 , 0.1 mM EGTA, and 150 mM KCl in the case of full-length myosin or 25 mM KCl in the case of HMM. A drop of sample was applied to a carbonfilmed EM grid and directly stained with 1% uranyl acetate. Micrographs were recorded at ϫ 40,000 on a JEOL 1200EX II microscope. Data were recorded on an AMT XR-60 CCD camera.
RESULTS
Protein Expression, Purification, and Sample PreparationTo analyze NMIIB kinetically and mechanically at the single molecule level, different fragments and the full-length molecule were expressed and purified (Fig. 1a) . To facilitate the specific binding of NMIIB-HMM and NMIIB-SH-HMM molecules to a nitrocellulose surface in optical trapping experiments a GFP molecule was fused to the C terminus of these molecules. These molecules could be captured via an anti-GFP antibody bound to the coverslip surface. The GFP was also used in TIRF experiments as a fluorescent label. In the case of the full-length NMIIB, the GFP was fused to the regulatory light chain (GFP-RLC) (31) instead of the heavy chain of the molecule to avoid possible problems during nonmuscle filament formation. In all cases, except where stated, the myosin or myosin fragment was phosphorylated with MLCK prior to use in the assays. This treatment resulted in the majority of the regulatory light chains of the myosin being monophosphorylated (Fig. 1b) .
The negatively stained EM images confirmed the expected shape and size of NMIIB-SH-HMM, NMIIB-HMM, and fulllength molecules (Fig. 1c) . The actin-activated MgATPase activities of the samples were found to be 85-115% of the steady-state MgATPase rates reported in earlier solution kinetic studies (16, 18) .
Single Molecule TIRF Experiments-TIRF microscopy is a powerful method to observe and characterize the behavior of myosin molecules at the single molecule level. GFP-labeled myosin molecules or fragments were added to flow chambers in which fluorescently (rhodamine phalloidin) labeled, biotinylated actin filaments were bound via NeutrAvidin and biotinylated BSA to a cleaned glass coverslip. The NMIIB-SH-HMM and NMIIB-HMM molecules appeared as diffraction-limited spots. We recorded the binding and the unbinding of the GFPlabeled myosin molecules to determine their attachment lifetimes and whether or not they moved processively as single molecules. Each myosin molecule was labeled at the C terminus of the heavy chain, and on the N terminus of RLC molecules, so the fragments contained either 3 (NMIIB-SH-HMM-GFP) or 4 (NMIIB-HMM-GFP) GFP molecules. Thus, the disappearance of a fluorescent spot is most likely a dissociation event of that MLCK treatment. Densitometry analysis shows that 80% of RLCs were monophosphorylated (P-RLC), 12% were double-phosphorylated (PP-RLC), and 8% were not phosphorylated (RLC). c, rotary shadowed electron micrographs of the NMIIB constructs (upper) and simplified schematic diagrams of the molecules (lower). Scale bars: SH-HMM-GFP and HMM-GFP, 50 nm; full-length NMIIB filament with GFP-RLC, 100 nm.
molecule from actin rather than loss of signal through photobleaching or blinking. The binding and the unbinding of the GFP-labeled NMIIB-SH-HMM-GFP and NMIIB-HMM-GFP to rhodamine phalloidin-labeled actin were recorded at 1 mM ATP with 67-ms temporal resolution (50-ms acquisition time plus the 17-ms readout time of the CCD chip) over a time span of 1 min or more (supplemental movies 1 and 2).
The dissociation kinetics of the NMIIB-SH-HMM-GFP and NMIIB-HMM-GFP were determined by monitoring the dwell times of individual molecules on actin filaments and were plotted as histograms (Fig. 2, a and b) . For both NMIIB-SH-HMM-GFP and NMIIB-HMM-GFP the histograms of dwell times were well fitted by single exponential decay functions. The average detachment rates determined from these histograms were 0.37 Ϯ 0.01 s Ϫ1 for NMIIB-HMM and 0.4 Ϯ 0.02 s Ϫ1 for NMIIB-SH-HMM molecules (Fig. 2, a and b) . No obvious processive movements were detected using this assay with either of these fragments.
In contrast, NMIIB polymerized into filaments showed strikingly different behavior in the TIRF in vitro motility assays (Fig.  2c) . These bipolar filaments were readily imaged in the TIRF assay as objects that are slightly larger than diffraction limited FIGURE 2. TIRF microscopy analysis of actin-myosin interactions. a, histogram of dwell times of NMIIB-HMM-actin interactions at 1 mM ATP. Solid line is the single exponential fit to the data which gave a detachment rate constant of 0.37 Ϯ 0.01 s Ϫ1 , n ϭ 611. b, histogram of dwell times of NMIIB-SH-HMM-actin interactions at 1 mM ATP. Solid line is the single exponential fit to the data which gave a detachment rate constant of 0.40 Ϯ 0.02 s Ϫ1 , n ϭ 683. c, filament of full-length NMIIB molecule with GFP-RLC (green) interactions with rhodamine phalloidin-labeled actin (red), at 1 mM ATP (left panels). Right panels, GFP-labeled nonmuscle filament moving processively along a single actin filament. Scale bar, 1 m. d, electron micrographs of NMIIB nonmuscle filaments interacting with actin filaments in the presence of ATP. Scale bars, 100 nm. e, histogram of dwell times of NMIIB filament-actin interactions at 1 mM ATP. Solid line is the single exponential fit to the data which gave a detachment rate constant of 0.016 Ϯ 0.003 s Ϫ1 , n ϭ 62. f, distribution of run lengths of NMIIB filaments on actin filaments at 1 mM ATP. Solid line is the single exponential fit to the data which gave a run length of 3.8 Ϯ 0.6 m, n ϭ 56.
spots, and in some cases, a long and short axis could be distinguished. At 1 mM ATP the nonmuscle myosin filaments moved along F-actin as processive units (Fig. 2c) with an average run length of 3.8 Ϯ 0.6 m (Fig. 2f) and an average velocity of 48 Ϯ 2 nm/s. This behavior produced a much slower filament detachment rate constant (0.016 Ϯ 0.003 s Ϫ1 ) (Fig. 2e) than was observed for the single HMM molecules reported above (Fig. 2,  a and b) . Filaments that reached the end of the actin filaments and dissociated have been excluded from the run length analysis. In some cases the NMIIB filaments moved with their long axis parallel to the actin filaments, and in others they moved with their long axis perpendicular to the actin filament (supplemental Movie 3). NMIIB filaments could be observed to switch back and forth between these orientations while moving.
Electron micrographic images of NMIIB filaments interacting with F-actin in the presence of ATP revealed additional insight into the nature of this interaction (Fig. 2d) . It is apparent from the EM images that the myosin heads of the nonmuscle filament are in close association with the actin filament. Similar to the behavior described above in the TIRF assay, we observed that in some cases heads on both sides of the bare zone of NMIIB filaments were bound to actin (Fig. 2d, left) , whereas in other cases only the heads at one side of the NMIIB filament interacted with actin (Fig. 2d, right) (supplemental Movie 3).
Optical Trapping Experiments-The interaction of various constructs of NMIIB with actin was examined at the single molecule level using optical tweezers. We applied the three-bead assay, in which the myosin molecule of interest was bound to a nitrocellulose-coated surface, and an actin filament (tethered between two optically trapped beads) was brought into close proximity. The NMIIB-SH-HMM and NMIIB-HMM molecules were tagged at their C termini with a GFP molecule to facilitate attachment via an anti-GFP antibody bound to the nitrocellulose surface. In the case of optical trapping experiments we used myosin fragments expressed with wild-type RLC, so the single-headed and double-headed molecules were tethered to the surface only by their C termini. The optically trapped beads were oscillated with 200 Hz and 200-nm amplitude, which increased the signal-to-noise ratio of the attachment events (Fig. 3, a and b) . Data were sampled at 20,000 Hz and were sometimes converted (filtered) into 2000 Hz by averaging 10 consecutive data points (Figs. 3, a and b, and 4, a and  b) . Two types of attachment events were observed in the unfiltered data (Fig. 4, a and b) . There were numerous short lived (duration Ͻ50 ms) events as well as less frequent longer lived events that were more consistent with the known kinetics of NMIIB as well as with the lifetimes observed in the TIRF experiments presented earlier. For both NMIIB-HMM and NMIIB-SH-HMM the short lived events account for Ͼ80% of the observed interactions (Table 1) .
For the analysis of dwell times of the longer lived events the filtered data were used which largely eliminated the short lived events. The histograms of dwell times were fitted to a single exponential decay function (Fig. 3, c and d) to determine the detachment rate constant. These values were 0.37 Ϯ 0.01 s
Ϫ1
for NMIIB-HMM, and 0.34 Ϯ 0.02 s Ϫ1 for NMIIB-SH-HMM at 1 mM ATP, which are similar to the detachment rates observed in the TIRF experiments. The records from both the single-headed and double-headed fragments were virtually identical, and no evidence for processive stepping events was observed.
To determine whether the number of myosin motor domains on the molecule affects the size of the power stroke, we plotted the attachment positions of the long lived interactions and fitted the data to a gaussian distribution. The shift in peak of this distribution represents the power stroke size (44) . Power strokes of 6.9 Ϯ 1.2 nm (NMIIB-HMM, Fig. 3e ) and 4.8 Ϯ 1.3 nm (NMIIB-SH-HMM, Fig. 3f) were measured for the two molecules, which are within the ranges typically observed for myosin II molecules (for review, see Refs. 45, 46) . The unpaired Student's t test showed that the difference between the power stroke size values is not statistically significant (the two-tailed p value equals 0.8141).
We next investigated the nature of the numerous very short lived (Ͻ100 ms) interactions that were clearly visible as brief sharp drops in variance of the motion of the beads when the data are displayed at 20,000 Hz without low pass filtering (Fig. 4,  a and b) . Arrows underneath the variance traces point out these short lived interactions compared with the longer lived interactions (marked by an arrowhead) that were scored in Fig. 3 , a and b. For this analysis events with lifetimes longer than 1 s were excluded. When only these short lived interactions were examined, the detachment rate constants were 14.3 Ϯ 0.5 s
(NMIIB-HMM, Fig. 4c ) and 17.2 Ϯ 0.6 s Ϫ1 (NMIIB-SH-HMM, Fig. 4d ) at 1 mM ATP which are approximately 50 times faster than those measured for the long lived events. We hypothesize that these short lived events most likely represent the very transient, nonproductive, weak binding interactions between NMIIB and actin.
To test this hypothesis we repeated the optical trapping experiments using unphosphorylated NMIIB-HMM molecules. It has been shown that the unphosphorylated NMIIB binds to actin but does not support net movement, most likely because under these conditions the myosin crossbridges are in a weakly bound state. The analysis of unfiltered data revealed that the detachment rate constant of the unphosphorylated NMIIB-HMM (17.3 Ϯ 0.3 s Ϫ1 ) is identical to those of the fast interactions observed in the cases of phosphorylated NMIIB-HMM and NMIIB-SH-HMM (Fig.  5a) . No long lived events were detected for unphosphorylated NMIIB-HMM.
Weak binding cross-bridges should not undergo a power stroke. We used the same method as above to measure the "power stroke" of the short lived interactions seen in the raw traces when trapping the phosphorylated NMIIB fragments. Analysis of the displacement sizes show a gaussian distribution with a peak close to 0 nm (0.07 Ϯ 0.66 nm for NMIIB-HMM, Fig. 4e and 0.12 Ϯ 0.89 nm for NMIIB-SH-HMM, Fig. 4f ). Similar 0-nm displacement curves have been seen for Drosophila melanogaster myosin-18, which does not hydrolyze ATP (47) . To further support the hypothesis that the short lived interactions are weak actin-myosin interactions, we measured the power stroke size of the short lived interactions observed when using unphosphorylated NMIIB-HMM molecules.
The peak of the gaussian distribution was also close to 0 nm (Fig. 5b) . Thus, these short lived interactions occurred on a time scale faster than what would be expected from the measured solution kinetic values of NMIIB and did not result in a power stroke.
Further evidence that the short lived interactions represent transient, nonproductive attachments of myosin comes from analysis of the frequency of the events is given in Table 2 . Essentially no short lived interactions were observed if there was no myosin or no anti-GFP antibody added to the observation chambers. If pedestal beads coated with anti-GFP antibody are probed, approximately 3.2 events/min are detected compared with values of 13.6 and 16/min when NMIIB-HMM or NMII-SH-HMM is probed. The binding constant for actin for many myosins is strikingly weakened by increasing the ionic strength, and one would predict that increasing ionic strength would decrease the frequency of short lived events. However, the affinity on NMIIB-HMM for actin is not dramatically weakened by increasing the ionic strength (Table 3) , and thus, this test cannot be easily applied (Table 1) .
No evidence for processive movements on single-or doubleheaded HMM fragments was obtained from either the TIRF single molecule motility assay or the optical trapping. The optical trap imposed a small load onto the myosin, which may be preventing the myosin from stepping processively. To probe for possible processive movements in finer detail and under conditions where there is no load, we employed the FIONA (48) technique to localize the fluorescently labeled HMM molecules in the xy plane (Fig. 6 ). This superresolution light microscopy technique is capable of detecting potential movements of the fluorescently labeled myosin fragments with high spatial resolution. During the experiments the fluorescence intensity of the HMM particles remained constant, and the detailed analysis revealed no directional movement or stepping behavior. No , n ϭ 371). Solid line shows the single exponential fit of the data. Inset shows data collected over a longer time frame. e, power stroke size of NMIIB-HMM. Fitting the displacement data collected from the optical trap during each acto-myosin interaction to a gaussian distribution (solid line) yielded histograms centered at 6.9 Ϯ 1.2 nm, n ϭ 257. f, power stroke size of NMIIB-SH-HMM) molecules. Fitting the displacement data collected from the optical trap during each acto-myosin interaction to a gaussian distribution yielded a histogram centered at 4.8 Ϯ 1.3, n ϭ 197.
steps of the expected 5-7 nm in size were detected during a 1-10 s observation period, and the largest "displacements" observed were ϳ2 nm, which is within the error of our detection (1.4 nm) .
The mechanical properties of full-length NMIIB were also investigated at the single molecule level using optical tweezers. First, the myosin sample was deposited on nitrocellulose in the AB buffer containing 300 mM KCl. EM studies showed that at this ionic concentration single, two-headed myosins bind to the surface. Similar to behavior of NMIIB-SH-HMM and NMIIB-HMM molecules, the individual full-length NMIIB dimers showed unitary interactions with the actin molecule, and no signs of processive movement were observed (Fig. 7a) . In a second set of experiments, we lowered the KCl concentration in the myosin solution to 150 mM to form bipolar filaments prior to sample deposition (Fig. 1c) . We were able to visualize the Fig. 3, a and b. Note the difference in time scale for these data compared with those shown in Fig. 3 . c, histogram of dwell times of fast actin-myosin interactions for NMIIB-HMM-actin interactions at 1 mM ATP. Solid line is a single exponential fit of the data which gave a detachment rate constant of 14.3 Ϯ 0.5 s
, n ϭ 336. d, histogram of dwell times of fast actin-myosin interactions for NMIIB-SH-HMM-actin interactions at 1 mM ATP. Solid line is a single exponential fit of the data which gave a detachment rate constant of 17.2 Ϯ 0.6 s Ϫ1 , n ϭ 459. e, power stroke sizes of NMIIB-HMM. f, power stroke sizes of SH-NMIIB-HMM. Fitting the displacement data collected from the optical trap during each acto-myosin interaction to gaussian distributions yielded histograms centered at ϳ0 nm for both NMIIB-HMM (n ϭ 440) and SH-HMM (n ϭ 579) molecules. nonmuscle filaments in our optical trapping microscope by exciting the GFP-RLC molecules bound to the myosin via epifluorescence imaging using a standard mercury lamp. We did not use anti-GFP antibodies to attach myosin dimer molecules or nonmuscle filaments to the surface during these experiments. The nonmuscle myosin filaments appeared as bright, diffraction-limited spots. This allowed us to determine which pedestal was coated with a myosin filament for targeting during the optical trapping experiments. In contrast to the nonprocessive behavior observed with individual myosin molecules, we observed numerous processive runs with myosin filaments which lasted for several hundred nanometers, typically until one of the actin-polystyrene beads of the dumbbell was pulled out from the trap or the actin filament broke (Fig. 7b) .
DISCUSSION
NMIIB is an unusual conventional myosin in that solution kinetic studies show that it has an intermediate duty ratio (16, 18) . The duty ratio of a myosin is an important determinant of its mechanical properties. Two-headed myosins with high duty ratios such as myosin V have the ability to move processively along actin as single molecules, a very useful feature for a myosin designed to transport cargo in cells (49) . Very low duty ratio myosins such as mammalian skeletal muscle myosin are designed to work in ensemble with the hundreds of other myosins polymerized into thick filaments. The low duty ratio allows for rapid shortening of muscle fibers because myosin motors do not remain attached for long after completing a power stroke. The intermediate duty ratio of NMIIB raises questions of how this affects its mechanical properties. Based strictly on calculations using the duty ratio determined in solution kinetic studies, a two-headed NMIIB would not be predicted to be capable of moving processively along actin as a single molecule, but a , n ϭ 326. b, power stroke size distribution. Solid line shows a gaussian fit to the data which had a peak at 0.09 Ϯ 0.75 nm, n ϭ 338.
TABLE 2 Effect of attachment mode on frequency of short lived events

Attachment mode
Frequency of short events
No anti-GFP antibodies, no HMM ϳ0 Anti-GFP antibodies alone 3.2 Ϯ 0.46 HMMIIB-HMM ϩ anti-GFP antibodies 13.6 Ϯ 2.1 HMMIIB-DϩSH-HMM ϩ anti-GFP antibodies bipolar filament containing approximately 50 NMIIB motor domains should be capable of processively moving on actin filament.
The aim of the current study was 2-fold. First, we wanted to probe the mechanical properties of NMIIB at a single molecule level. We asked the question how the relatively slow ADP off rate (0.35 s Ϫ1 ) (16) translates to dwell times in single molecule fluorescence and optical trapping experiments. Second, we wanted to characterize the nonmuscle myosin IIB "machinery" at different levels of organization and complexity. We compared the kinetic and mechanical properties of a single-and double-headed myosin fragments and characterized the behavior of full-length NMIIB when it was polymerized into bipolar filaments, which probably represents the in vivo functional unit of NMIIB. We found that single-and double-headed HMM molecules behave very similarly with regard to their power stroke size and dwell time on actin filaments. Instead of using subfragment-1 (S1), which is truncated immediately after the neck region, for a comparison we expressed a single-headed HMM molecule because the attachment of S1 molecules to a specimen surface might compromise the mechanical performance of the molecule. The detachment rates at 1 mM ATP of the two molecule species were very similar and were consistent with the ADP release rates of NMIIB S1 and HMM measured in vitro with transient kinetic techniques (18) .
Using optical tweezers, Tyska et al. (50) showed that in case of smooth and skeletal myosins the dwell times of the singleand double-headed molecules were very similar to each other in both unloaded and loaded conditions, which is consistent with our findings for NMIIB HMM. These authors also demonstrated that the stroke sizes of the double-headed molecule smooth and skeletal muscle myosins were approximately double that of the single-headed fragment. They invoked the concept that "two heads are better than one" and suggested that the second, not actively attached myosin head, might serve to orient the active attached head to bring about maximum efficiency of that head. In our case the stroke sizes of the NMIIB-SH-HMM and HMM molecules were similar. The Tyska et al. study created the single-headed myosins by limited proteolytic digestion of intact myosins followed by chromatographic separation of the two species. The proteolytic treatment of myosin often results in cleavage of important surface loops near the nucleotide binding site and the actin binding site. We used a recombinant NMIIB-SH-HMM molecule in which a FLAG-tagged HMM heavy chain was co-expressed with a His-tagged S2 fragment which dimerizes with itself and with the S2 portion of the HMM. Single-headed HMM is obtained by purification on an anti-FLAG-affinity column to eliminate S2 dimers followed by a Ni-column which binds the single-headed-HMM but not the double-headed HMM. By using this construct we avoided a harsh protease treatment, leaving the myosin motor surface loops intact, and could control for an attachment mechanism via the surface-attached anti-GFP antibody which specifically binds the C terminus of the HMM constructs. Another possibility for the difference in our results and those of Tyska et al. might be due to differences in the flexibility of the S2 domains of the various molecules.
There is a wide range (3.5-15 nm) of values reported in the literature for power stroke sizes of various myosin II molecules or their subfragments (29, 38, 42, 43) . Some of this variability likely arises from different methods of measuring the power stroke size, but some are probably attributable to the type of surface attachment employed. Because the NMIIB-SH-HMM molecule contains a coiled-coil segment, it is physically bigger than the S1 proteolytic fragment and is more likely to attach to the surface in an orientation that allows the full-length of the lever arm to make the power stroke. Thus, we were able to compare the kinetics and mechanics of attachment of singleand double-headed constructs where both molecules had identical attachment geometries to the surface and identical motor domains presented to the actin filaments. Our results suggest that, at least for NMIIB, the number of heads the molecule contains does not affect the size of the power stroke.
This, in turn, supports the notion that only one of the two heads of HMM is likely to be interacting with actin for the majority of the attachment time in the presence of ATP (51, 52) . Support for this comes from the identity of the attachment lifetimes observed in the optical trap and in the TIRF assay for single-and double-headed HMM constructs and in the fact that we saw only one level of variance during attachment events in the trap. A two-headed attachment should give a lower variance than a one-headed attachment because its stiffness should be higher. In fact, such behavior was observed with myosin V, where at stall forces two levels of stiffnesses were apparent (26) . However, we cannot rule out a case where initially two heads are attached and the trail head detaches rapidly due to the strain exerted on it by the attached lead head on a time scale too fast for the apparatus to detect.
The observation of two classes of attachment events occurring on separable time scales has not been previously described FIGURE 7 . Optical trap analysis of NMIIB nonmuscle filament-actin interactions. a, bead position record of full-length NMIIB-actin interaction. In this case the myosin molecules were deposited on nitrocellulose surface in high salt (300 mM KCl AB buffer) buffer, and as a result single, two-headed myosin molecules are probed. No signs of processive runs were observed. b, bead position record of a NMIIB filament-actin interaction. Prior to sample deposition the ionic strength of the buffer was lowered to 150 mM, and as a result the myosin molecules formed filaments. The fluorescent GFP-RLC-labeled NMIIB filaments were clearly visible on top of the pedestals, and during the measurements these pedestals were targeted. The NMIIB filaments show robust motility.
in optical trapping experiments of myosins. The numerous short lived interactions could have two sources. They may be the result of interactions of the actin filament with the anti-GFP antibody. Nonspecific actin-antibody interactions have been observed previously in our laboratory when trying to use antibodies for specifically attaching myosins in the sliding actin in vitro actin gliding motility assay, and we see less frequent short lived interactions when probing surfaces coated with anti-GFP antibodies in the absence of HMM (Table 2 ). However, in the current study the short lived interactions were also seen even when anti-GFP antibody was not used as an attachment strategy for NMIIB (Tables 1 and 2 ) and were the only type of interaction seen when unphosphorylated NMIIB-HMM was probed. More likely the short lived interactions represented the weakly bound, nonproductive interactions of NMIIB with actin filaments (i.e. a high stiffness, no power stroke state). Such interactions were first detected in relaxed skinned muscle fibers which were oscillated at high frequency (53) and were later proposed to arise from nonspecific ionic interactions between loop II of myosin with actin (54) . Such interactions were predicted to be the basis for the ability of unphosphorylated smooth muscle myosin to retard the movement of actin filaments by phosphorylated smooth muscle myosin in in vitro actin gliding motility assays (55) . The fact that the short lived interactions detected in the present study have no net displacement suggests that they are nonproductive and are probably not associated with the hydrolysis of ATP. These weak binding interactions could function in the cell to help tether and align the myosin filament with the actin filament without expending further ATP.
Norstrom et al. (56) reported that single molecules of NMIIB HMM take multiple forward and backward steps along the actin filament. This result was very intriguing, and we have made a great effort to investigate the possibility that NMIIB-HMM is a processive myosin, but we have failed to demonstrate such behavior utilizing TIRF/in vitro single molecule motility assays and single molecule optical trapping. In TIRF/in vitro single molecule motility experiments the actin filament was attached to the surface, which might interfere with the motion of the NMIIB-HMM molecules because these molecules would have to spiral around the actin filament given their short power strokes. However, we used the same method for actin filament attachment as described by Sakamoto et al. (57) . These authors demonstrated that a mutant myosin V HMM molecule with a short neck region, which binds only two calmodulin molecules per chimeric heavy chain and was thus similar in length to the neck of NMIIB HMM, was able to move processively along the surface attached actin filament even though its step size was only 11 nm (57). Thus, this geometry of actin filament attachment should not limit the movement of myosin.
We observed no obvious processive movements in the optical trap utilizing a similar configuration to the assay used by Norstrom et al. Most of our data were collected while oscillating the actin-attached beads to facilitate detection of events, but even in the absence of oscillations, no processive movements were observed. Similarly, varying the trap stiffness values (0.01-0.022 piconewton/nm) and ATP concentrations (1 M and 1 mM) did not result in processive movements.
The myosin molecule is subject to low but finite loading forces in the optical trap, and these forces may hinder the ability of the myosin to move processively along actin. In contrast, there is no external load in the single molecule TIRF motility assay, and yet we did not observe processive runs in this assay either. One could argue that if the NMIIB-HMM were taking 7-nm steps, then a large number of steps would be required for movement of the fluorescent spot to be observed in this assay. However, two lines of evidence argue against this. First, the lifetimes of attachment in the single molecule TIRF assay system were virtually identical for single-headed and doubleheaded HMM molecules, and the values for each of these were very similar to the values obtained in the optical trap where it could be reliably determined that only single power strokes were being made. Second, we used a superresolution light microscopy technique, FIONA (48) , which can detect 7-nm steps if they were occurring. No individual movements Ͼ2 nm were observed, which is smaller than the positional error in the measurement system. Thus, we find no evidence by two different single molecule assays that NMIIB HMM molecules are processive. It should be noted that our studies used human NMIIB molecules whereas Norstrom et al. (56) used chicken NMIIB molecules.
There is no evidence in cells that NMIIB functions as single molecules. Instead, it is more likely that the functional unit is the short bipolar filaments such as seen in vitro by electron microscopy in the current study and from images of cells in culture (30) . It is important that this functional unit behaves processively, and indeed, this behavior is seen both in the ability of single NMIIB myosin filaments to move processively along actin and in its ability to translocate actin in the optical trap when the myosin filament is fixed to the surface. In this regard, it is interesting to note that the much larger muscle myosin filaments have also been shown to move actin filaments processively in vitro (58 -60) .
The rate of movement of NMIIB myosin filaments, 48 nm/s, in this assay appears to be too fast to be explained by the kinetics of the single molecules measured herein. In the simplest case the expected velocity would be given by the stroke size times the cycle time or 7 nm ϫ 0.4 s Ϫ1 ϭ ϳ3 nm/s. However, two factors complicate this simple assumption. First, Kovacs et al. (61) showed that positive strain increases the rate of ADP release from NMIIB heads by a factor of approximately 4. The magnitude of this increase might increase further if larger positive strains are applied to an attached ADP-bound. A second possible explanation arises for the architecture of the filament itself. EM images show that the myosin heads at the end of a bipolar filament can be spread out over a large (based on EM images at least 1 order of magnitude greater than the power stroke size) distance and should be able to explore a relatively large distance along a single actin filament. 3 We propose as the nonmuscle myosin filament moves on the actin filament, the attached heads at the front bias the diffusion of the trailing heads. After detachment these heads might rebind to the actin filament far from their original point of attachment and hence give a much larger apparent step size than would be possible on a single molecule level. This could translate into a faster velocity.
The duty ratio of the myosin V molecules is high (25, 26) , and a theoretical model suggests that the "cumulative" or apparent duty ratio of the skeletal muscle thick filament is also close to unity (62) . In a simple model, a myosin head is bound to actin with probability r (technically r is the duty ratio), and consequently, the probability of the detached state is (1Ϫr). In this overly simplified model the strain has no apparent effect on attachment or detachment rates. In case of an HMM molecule (two independently acting heads), the probability that none of the heads is bound to actin is (1Ϫr) 2 . As we increase the number of heads (n), the apparent duty ratio of the system will increase, and the probability of the detached state (1Ϫr) n , will exponentially decrease. In Fig. 8 this apparent duty ratio of skeletal (r ϭ 0.04) (63) and NMIIB (r ϭ 0.22) (61) is plotted as a function of the number of the myosin heads. Even though this overly simple model operates solely with the numerical values of the duty ratios of myosin motors and number of heads, it shows that NMIIB reaches the high duty ratio regime when the number of heads is approximately a dozen, whereas the skeletal myosin turns into a processive system when the number of heads reaches approximately 120. These numbers are in a surprisingly good agreement with the numbers of individual heads of NMIIB molecules in nonmuscle filaments and skeletal myosin molecules in thick filaments. Our experimental findings and the above calculations clearly show that processive molecular systems can be built from nonprocessive building blocks, and the minimal number of required building blocks, in our case myosin molecules, is determined by the duty ratio of individual molecules.
Future experiments are required to reveal the effect of load on the duty ratio of NMIIB. Kovacs et al. used transient kinetic techniques to demonstrate that load modulates the rate of ADP release from actin-bound myosin heads (61). Laakso et al. (43) showed the kinetic parameters and the duty ratio of myosin Ib motor strongly depend on tension. Such a behavior would not be unexpected in case of a myosin motor which is responsible for maintaining cortical tension (65) . Load has also been shown to affect the kinetics of other myosins in the optical trap (38, 64, 66, 67). Norstrom et al. (56) predicted that the backward load would increase the detachment rate, but our initial experiments do not show this effect. Also, it is not known yet how many myosin heads interact with the actin molecule at any given moment or what is the force output of the individual nonmuscle filaments. The combination of optical tweezers with TIRF microscopy might be the right tool to answer these questions.
